Physapubescin B, a steroidal compound extracted from the plant Physalis pubescens L. (Solanaceae), has been reported to possess anti-cancer potential, whereas the molecular mechanism remains elusive. In this study, we first demonstrated that physapubescin B induced autophagy in human cancer cells based on the evidence that physapubescin B increased lipidation of microtubule-associated protein 1 light chain 3 (LC3) as well as number of GFP-LC3 puncta. We further examined the molecular mechanisms and found that physapubescin B enhanced the autophagic flux through promotion of reactive oxygen species (ROS)-mediated suppression of mammalian target of rapamycin complex I (mTORC1), the key negative regulator of autophagy. Additionally, excessive ROS caused by physapubescin B also induced p53-dependent apoptotic cell death. Furthermore, we provided evidence that inhibition of autophagy either by a chemical inhibitor or gene silencing promoted physapubescin B-induced apoptotic cell death, indicating that autophagy serves as a cell survival mechanism to protect cell death. Thus, our data provide a clue that inhibition of autophagy would serve as a novel strategy for enhancing the anti-cancer potential of physapubescin B.
Introduction
Physalis pubescens L. (Solanaceae) is an herbal plant distributed abundantly worldwide. Its calyces have been widely used in traditional Chinese medicine due to the high abundance of steroids, among which withanolides are the major steroidal constituents [1, 2] . In the past several decades, more than a dozen withanolides were isolated from Physalis species such as Physalis angulata, Physalis alkekengi, Physalis lancifolia and are shown to have anti-inflammatory [3] , antimicrobial [4, 5] , antiparasitic [6] , immunomodulatory [7] and anti-tumor [8, 9] effects. Physapubescin B (C 30 H 42 O 8 , MW. 530) is one of the withanolides extracted from Physalis pubescens L. (Solanaceae), which possesses quinone reductase induction activity and inhibits the proliferation of mouse hepatoma Hepa1c1c7 cells [10] . It has also been reported to exhibit anti-tumor activity against human prostate cancer involving the G2/M phase cell cycle arrest [11] . Besides, its isomer physapubescin has been shown to inhibit the viability of renal cell carcinoma (RCC) cells through down-regulation of Hypoxia Inducible Factor (HIF)−2α [12] . At present, the exact mechanisms underlying the anti-cancer potential of physapubescin B remain to be further investigated.
Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved cellular catabolic process responsible for degrading damaged organelles and long-lived proteins in response to stress conditions such as starvation (nutrient deprivation) so as to maintain cell homeostasis [13, 14] . A set of autophagy-related genes (Atg genes) are involved in the process of autophagy: Initiation, nucleation, maturation and fusion of autophagosome with lysosome for degradation [15, 16] . Up to date, it has been well established that autophagy plays a key role in a variety of cellular processes such as cell stress response, metabolism and cell death/survival [17, 18] . More importantly, autophagy is closely involved in the etiology of many important human diseases such as infectious diseases, neurodegenerative diseases and cancers [19] . At present, the role of autophagy in cancer remains controversial. In the early stage, autophagy is an important anti-cancer mechanism to prevent cancer initiation, while autophagy is believed to support cancer promotion and progression via its pro-survival function in cancer cells [20] .
Autophagy is known to be tightly regulated by a network of upstream signaling cascades [21] . Among them, the mammalian target of rapamycin (mTOR) has been identified as a critical negative regulator of autophagy [22, 23] . mTOR is a serine/threonine protein kinase and serves as a key component of two functionally distinct complexes, mTORC1 and mTORC2, depending on their respective binding partners. mTORC1 comprises mTOR, GβL, PRAS40 and Raptor and plays a bigger role in the regulation of autophagy [24] . The Atg1-Atg13-FIP200 complex is essential in autophagosome formation. Activated mTORC1 leads to phosphorylation of Atg13 which prevents its binding with Atg1 so as to disrupt autophagosome formation and consequently inhibit autophagy [25] .
Reactive oxygen species (ROS) are produced as natural byproducts during the metabolism of oxygen and play a vital role in cellular homeostasis. In addition to endogenous sources, ROS level can also increase due to stress such as UV, heat exposure and chemical stimulation [26] . ROS are known to play important roles in various physiological and pathological processes such as autophagy and cell death [27] [28] [29] . The regulation of autophagy by ROS can be summarized as transcriptional and post-transcriptional regulation. As to transcriptional regulation, cellular accumulation of ROS activates transcription factors such as p53, HIF-1, Nuclear factor-like 2 (NRF2) and Forkhead box O3 (FOXO3) which up-regulate the transcription of several proteins involved in autophagy [30] . For posttranscriptional regulation, mounting evidence suggests that the downregulation of mTOR activity is associated with ROS generation. ROS may inhibit mTOR activity through PI3K/Akt pathway [31] , AMPK [32] or a BNIP3-dependent manner [33] to induce autophagy. Direct oxidation and inhibition of Atg4 by ROS have also been reported [34] . Autophagy, in turn, contributes to ROS elimination under various stress conditions [35] .
In this study, we elucidated the effect of physapubescin B on autophagy and the underlying mechanisms. Our data demonstrate that physapubescin B promotes intracellular ROS generation, leading to mTORC1 inhibition and autophagy induction. Suppression of autophagy is able to enhance physapubescin B-induced apoptotic cell death, indicating the pro-survival function of autophagy. Our study thus identifies a novel function of a natural product physapubescin B and indicates that suppression of autophagy is able to enhance its anticancer potential.
Materials and methods

Compounds
Physapubescin B was isolated from the dried fruits of Physalis pubescens L. in our laboratory and was identified in our previous paper [10] . We have determined its purity to be 98% by HPLC. The compound was dissolved in DMSO to make a 100 mM stock solution, aliquoted and stored at -30 ℃.
Reagents and antibodies
We used the following reagents in our experiments: Z-VAD (OMe)- 
Western blotting
After all the designated treatments, cells were collected and rinsed with chilled PBS, then lysed by the Laemmli buffer (62.5 mM Tris-HCl, pH 6.8, 20% glycerol, 2% SDS, 2 mM DTT, phosphatase inhibitor and proteinase inhibitor cocktail). Cell lysates were boiled for 10 min. An equal amount of protein was resolved by SDS-PAGE gel and transferred onto PVDF membrane (Bio-Rad, 162-0177). Membranes were blocked in blocking buffer (Thermo Scientific, 37538) for 30 min, then followed by incubation with the designated first and second antibodies and finally developed with the enhanced chemiluminescence method (Thermo Scientific, 34076) and visualized by a Kodak Image Station 4000 R (Kodak). The expression of proteins was quantitatively evaluated by ImageJ.
Detection of cell death
Cell death was estimated qualitatively by morphological changes under a microscope (Leica) and quantitatively by propidium iodide (PI, 5 µg/ml) live cell exclusion assay coupled with flow cytometry (BD Biosciences). Western blot was also used to detect PARP and caspase-3 cleavage.
Confocal imaging
GFP-LC3 puncta were observed under the Olympus Fluoview FV1000 Confocal Microscope. Cells were seeded in an 8-well LabTek™ Chambered Coverglass (Thermo Scientific, 155411). After the designated treatment, images were taken with 60x objective lens and analyzed by ImageJ.
Small interfering RNA (siRNA) and transient transfection
The Atg7 siRNA (Dharmacon, SMARTpool, ON-TARGET plus human ATG7, L-020112-00-0005, Target Sequences: CCAACACACUCGAGUCUUU; GAUCUAAAUCUCAAACUGA; GCC CACAGAUGGAGUAGCA; GCCAGAGGAUUCAACAUGA) and scramble siRNA (Cell Signaling Technology, 6242) were transfected into HCT116 cells by Lipofectamine 3000 (Life Technologies, L3000015) according to the manufacturer's instructions.
Measurement of ROS production
Cells were cultured in a 12-well plate and treated as indicated. CM-H2DCFDA probe (Life technologies, C6827) was added 30 min before harvest. Images were captured by a Leica microscope to show the intensity of green fluorescence. The cells were then digested by trypsin and subjected to flow cytometry system (BD Biosciences) for analysis.
Statistical analysis
All the statistical data are presented as means ± SD from 3 independent experiments and analyzed using the Student's t-test to determine the differences which are considered statistically significant at P≤0.05.
Results
Physapubescin B induces autophagy
We first evaluated the effect of physapubescin B on autophagy. Fig. 1A shows the structure of physapubescin B. As shown in Fig. 1B , C, physapubescin B markedly increased the lipidation of LC3 (LC3-II) in a dose-dependent manner. Since both autophagy induction and blockage of autophagosomal degradation cause LC3-II accumulation, we inhibited autophagosomal degradation by the lysosome inhibitor chloroquine (CQ) and found a further increase in LC3-II, indicating an increase in autophagic flux [22] (Fig. 1B, C) . Similar results were observed in HeLa cells (Fig. 1D, E) . In addition, the effect of physapubescin B on autophagy induction was also time-dependent, as shown by the increase in LC3-II in a time-dependent manner (Fig. 1F, G) . Moreover, we used HeLa cells stably expressing GFP-LC3 to further confirm the effect of physapubescin B on autophagy induction. The GFP-LC3 puncta were used to represent autophagosomes [36] . As shown in Fig. 1H , there was a remarkable increase of GFP-LC3 puncta after physapubescin B treatment, which was further increased by the presence of CQ. The number of GFP-LC3 puncta was even comparable to amino acid starvation in the presence of CQ. The with or without chloroquine (CQ, 50 μM) for 3 h. Cell lysates were collected and subjected to western blot for detecting LC3 conversion. β-actin was used as a loading control. (C) HCT116 (E) HeLa proteins expression from (B) and (D) was evaluated by ImageJ, means ± SD were presented (*, P < 0.05; **, P < 0.01; ns, P > 0.05; Student's t-test). (F) HCT116 cells were treated with physapubescin B (20 μM) for the indicated time points with or without CQ (50 μM). Cell lysates were collected and subjected to western blot for detecting LC3 conversion. β-actin was used as a loading control, and (G) the proteins expression was evaluated by ImageJ, means ± SD were presented (**, P < 0.01; ns, P > 0.05; Student's t-test). (H) HeLa cells stably expressing GFP-LC3 were incubated with the indicated concentrations of physapubescin B with or without CQ (50 μM) for 3 h. Autophagosomes were inferred by the presence of GFP-LC3 puncta under confocal microscopy (×600). Scale bar, 5 µm. Amino acid starvation (AA-) was used as a positive control for induction of autophagy. (I) The mean fluorescence intensity (MFI) was analyzed by ImageJ, means ± SD were presented (*, P < 0.05; **, P < 0.01, Student's t-test). data in Fig. 1H were quantified and presented in Fig. 1I . All these data show that physapubescin B is a potent autophagy inducer.
Physapubescin B inhibits mTORC1 activity
The mTORC1 complex is a negative regulator of autophagy by phosphorylating and inhibiting the function of the ULK1 complex [22, 23, 25] . We next investigated the effect of physapubescin B on the mTORC1 signaling pathway. The p70 S6 kinase (p70S6K) and the translation repressor protein 4E-BP1 are direct substrates of mTORC1. Specifically, the mTORC1 phosphorylates p70S6K at Thr389 and 4E-BP1 at Ser65. Therefore, the phosphorylation status of p70S6K (Thr389) and 4E-BP1 (Ser65) can be used to determine the mTORC1 activity. As shown in Fig. 2A, B and 2 C, D, treatment with physapubescin B led to a significant reduction in p-p70S6K (Thr389) and p-4E-BP1 (Ser65) in a dose-dependent and time-dependent manner. The suppressive effect of physapubescin B on mTORC1 was comparable to amino acid starvation. Collectively, these data indicate the possibility that physapubescin B may induce autophagy by suppression of mTORC1.
Physapubescin B suppresses mTORC1 and induces autophagy through ROS generation
In order to understand the mechanisms underlying the inhibitory effect of physapubescin B on mTORC1, here we measured the change of ROS level in physapubescin B-treated cells using the CM-H2DCFDA probe [37] . As shown in Fig. 3A , a significant increase of green fluorescence representing ROS production was observed after physapubescin B treatment. N-Acetyl Cysteine (NAC) is a cell penetrating antioxidant that replenishes intracellular GSH so as to prevent the cells from oxidative stress [38] . Co-treatment of NAC totally blocked the ROS generation (Fig. 3A) . Therefore, physapubescin B can induce ROS generation. Measuring the CM-H2DCFDA fluorescence intensity by flow cytometry further supported this conclusion (Fig. 3B, C) . Based on the fact that physapubescin B suppresses mTORC1 activity and consequently activates autophagy, as shown earlier, and that ROS are known to induce autophagy [28] , we then tested whether physapubescin B's effect on mTORC1 and autophagy was mediated via increasing ROS production. To do this, we treated HCT116 cells with physapubescin B and NAC. NAC treatment abolished physapubescin B-induced mTORC1 suppression, and partly reduced the LC3-II level (Fig. 3D, E) . Cell lysates were collected and subjected to western blot. Amino acid-free DMEM (AA-, 3 h) was used as a positive control for mTORC1 suppression. And (B) proteins expression was evaluated by ImageJ, means ± SD were presented (*, P < 0.05; **, P < 0.01; ns, P > 0.05; Student's t-test). (C) HCT116 cells were treated with physapubescin B (20 μM) for various time points as indicated or amino acid-free DMEM (AA-) for 3 h. Cell lysates were collected for western blot analysis. And (D) proteins expression was evaluated by ImageJ, means ± SD were presented (**, P < 0.01; ns, P > 0.05; Student's t-test).
Therefore, data from this part of our study indicate that physapubescin B suppresses mTORC1 and induces autophagy through ROS generation.
Physapubescin B induces apoptotic cell death
To study the effect of physapubescin B on cell viability, we then evaluated the cytotoxicity of physapubescin B on HCT116 cells and HeLa cells. As shown in Fig. 4A , physapubescin B reduced the cell viability in a dose-dependent manner, indicating the cytotoxic effect of physapubescin B. To investigate the type of cell death induced by physapubescin B, we treated HCT116 cells with physapubescin B and observed an increase in PARP and caspase-3 cleavage in a dosedependent (Fig. 4B, C) and time-dependent manner (Fig. 4D, E) , indicating apoptotic cell death. Z-Val-Ala-Asp(OMe)-fluoromethylketone (zVAD) is an irreversible and cell permeable broad-spectrum caspase inhibitor. To further confirm the pro-apoptotic effect of physapubescin B, we next investigated whether zVAD could abolish the PARP and caspase-3 cleavage caused by physapubescin B. As shown in Fig. 4F , G, zVAD dramatically blocked PARP and caspase-3 cleavage even in the presence of physapubescin B. Further, the cell death caused by physapubescin B could be partially rescued by zVAD treatment (Fig. 4H) . Together, our data suggest that physapubescin B can effectively induce apoptotic cell death in human cancer cells.
Physapubescin B-induced cell death is partly dependent on ROSp53 axis
p53-mediated apoptosis is a very well established central mechanism for tumor suppression. We next aimed to study whether the apoptotic cell death induced by physapubescin B was associated with p53 function. We observed increased protein level of p53 as well as its target gene, p21 post physapubescin B treatment in a dose-dependent manner, indicating an activation of the tumor suppressor p53 (Fig. 5A,  B) . We then treated cells with physapubescin B alone or combined with NAC and p53 activation can be reversed by NAC co-treatment, implying p53 was activated by elevated ROS level (Fig. 5C, D) . To directly investigate the relevance of p53 to physapubescin B-induced cell death, we used an isogenic pair of HCT116 colon cancer cell lines (tp53 +/+ and tp53 -/-). Notably, we observed less PARP and caspase-3
cleavage in HCT116 (tp53 -/-), indicating the cell death caused by physapubescin B was at least partly dependent on p53 (Fig. 5E, F) . 
-test). (D) HCT116 cells were treated as in (A).
Cell lysate was harvested and subjected to western blot, and (E) proteins expression was evaluated by ImageJ, means ± SD were presented (**, P < 0.01, Student's t-test).
Consistently, the cell viability increased by 20% in HCT116 (tp53 -/-) compared to HCT116 (tp53 +/+ ), but there was still some cell death caused by physapubescin B in p53 KO cells (Fig. 5G, H) , suggesting p53 is necessary but not sufficient in physapubescin B-induced cell death.
Physapubescin B-induced autophagy acts as a cell survival mechanism
In this part of our study, we aimed to elucidate the role of After treatment, the cells were then followed by propidium iodide (PI, 5 μg/ml) live cell exclusion staining for quantification of cell death. Data (mean ± SD) are representative of three independent experiments. (*, P < 0.05; **, P < 0.01; ns, P > 0.05; Student's t-test). (B) HCT116 cells were treated with physapubescin B (0 5 10 20 μM) for 24 h. The cells were then harvested and subjected to western blot analysis, and (C) proteins expression was evaluated by ImageJ, means ± SD were presented (*, P < 0.05; **, P < 0.01, Student's t-test). (D) HCT116 cells were harvested after treatment with physapubescin B (20 μM) for the indicated periods of time, western blot was then performed for the detection of various apoptosis markers. β-actin was used as a loading control. And (E) proteins expression was evaluated by ImageJ, means ± SD were presented (*, P < 0.05; **, P < 0.01, Student's t-test). (F) HCT116 cells were treated with physapubescin B (20 μM) alone or combined with zVAD (20 μM) for 24 h followed by western blot to detect apoptosis markers, and (G) proteins expression was evaluated by ImageJ (**, P < 0.01, Student's t-test). (H) HCT116 cells were treated as in (F) and the cell death was quantified by flow cytometry after PI staining (*, P < 0.05, Student's t-test).
autophagy in physapubescin B-induced cell death. Firstly, we used a lysosome inhibitor chloroquine (CQ) to inhibit autophagy. As shown in Fig. 6A , CQ treatment significantly increased cell death induced by physapubescin B. Quantitative data of cell death by flow cytometry further confirmed this result (Fig. 6B, C) . In addition, the western blot result showed that CQ plus physapubescin B treatment strongly enhanced the cleavage of PARP and caspase-3, indicating an increase in apoptotic cell death post inhibition of autophagy (Fig. 6D, E) . Moreover, knock down of Atg7, which strongly inhibits autophagy, resulted in an increase in PARP and caspase-3 cleavage, indicating autophagy inhibition enhanced physapubescin B-induced cell death (Fig. 6F, G) . In summary, these data suggest that autophagy acts as a cell survival mechanism in physapubescin B-induced cell death.
Discussion
Recently, the commonly used clinical therapies for cancer comprise physical treatment such as radiotherapy, surgical therapy as well as Fig. 5 . Physapubescin B-induced cell death is partly dependent on ROS-p53 axis. (A) HCT116 cells were incubated with physapubescin B (0 5 10 20 μM) for 24 h, western blot analysis was performed to detect p53, p21 levels, and (B) proteins expression was evaluated by ImageJ, means ± SD were presented (*, P < 0.05; **, P < 0.01, Student's t-test). (C) HCT116 cells were treated with physapubescin B (20 μM) with or without NAC (5 mM) for 24 h. Protein levels of p53, p21 and β-actin were evaluated by western blot, and (D) proteins expression was evaluated by ImageJ, means ± SD were presented (**, P < 0.01, Student's t-test). (E) HCT116 p53 +/+ (WT) and p53 -/-(KO) cells were treated as indicated, cell lysate was collected and subjected to western blot, and (F) proteins expression was evaluated by ImageJ, means ± SD were presented (*, P < 0.05; **, P < 0.01; ns, P > 0.05; Student's t-test). (G) HCT116 p53 +/ + (WT) and p53 -/-(KO) cells were treated with physapubescin B (20 μM) for 24 h. Cell morphology was observed by a microscope (x200). Scale bar, 100 µm. (H) Cell viability of (G) was quantified by flow cytometry combined with PI staining. Data (mean ± SD) are representative of three independent experiments (*, P < 0.05, Student's t-test). Cell lysate was harvested and subjected to western blot, and (G) proteins expression was evaluated by ImageJ, means ± SD were presented (*, P < 0.05; **, P < 0.01, Student's t-test).
chemical treatment [39] . However, the effect of these methods is not always satisfactory. The number of compounds in clinical practice is quite limited. Some patients are even not sensitive to the existing chemotherapeutics [40] . Thus it is urgent to develop more pharmacologically active compounds. Natural products are widely used in traditional Chinese medicine and have been verified to possess a wide variety of biological activities, including anti-cancer effect [41] . They could also be taken as the leading compounds for structural modification in drug development. Previous studies have revealed that, physapubescin B, a steroidal compound extracted from Physalis pubescens L. (Solanaceae), has an anti-proliferative activity against different cancer cell lines with unclear mechanisms [10, 11] . Here we firstly observed more GFP-LC3 puncta in HeLa cells stably expressing GFP-LC3 when treated with physapubescin B with or without CQ, indicating an increase of autophagic flux (Fig. 1H) . Decreased phosphorylation of mTORC1 substrates revealed that mTORC1 was suppressed by physapubescin B (Fig. 2) . There are already a number of reports showing that ROS may regulate autophagy via mTOR-dependent mechanisms [31] [32] [33] . Withanolides isolated from Physalis pubescens L. (Solanaceae) such as physalin A [42, 43] , physalin F [44] are often shown to induce ROS production. We then used CM-H2DCFDA probe to confirm this speculation. ROS level was notably increased by physapubescin B (Fig. 3A) . Furthermore, the suppression of mTORC1 activity and the increase of autophagic flux were caused by elevated ROS level (Fig. 3D) . It is the first report to link physapubescin B with autophagy and to establish the critical role of oxidative stress in this process.
Consistently with previous studies [10, 11] , we also observed obvious cytotoxicity of physapubescin B in two cancer cell lines, human colorectal cancer cell line HCT116 and human cervical carcinoma cell line HeLa (Fig. 4A) . We observed an increase in PARP and caspase-3 cleavage, indicating that apoptotic cell death was induced by physapubescin B (Fig. 4B, D) . We then used a pan-caspase inhibitor zVAD to rescue the cell death. Although zVAD dramatically blocked the cleavage of PARP and caspase-3 (Fig. 4F) , it failed to block the cell death induced by physapubescin B to a substantial extent (Fig. 4H) . Such a finding indicates the possibility that some other death mechanisms may also involve in this process.
The cell morphological change caused by physapubescin B occurred within 6 h. This rapid change promoted us to explore the underlying mechanisms by which physapubescin B induced cell death. p53 activation was detected with physapubescin B treatment (Fig. 5A ). ROS were shown to be the upstream of p53 (Fig. 5C) . We then introduced an isogenic pair of HCT116 colon cancer cell lines (tp53 +/ + and tp53 -/-) and found that cell death was largely attenuated in p53 KO cells (Fig. 5H) , suggesting that physapubescin B-induced cell death was dependent on ROS-p53 axis. Physapubescin B has been shown to possess quinone reductase induction activities so that it can conjugate with intracellular GSH [10] . This probably accounts for the dramatically elevated ROS caused by physapubescin B. Other withanolides possess an α, β-unsaturated ketone moiety in the A ring may have the similar biological activities. Ding et al. reported that physapubescin B induced ROS-triggered G2/M cell cycle arrest in PC3 cells and Du145 cells at a lower concentration [11] . Given these evidence, we surmise that lower dose of physapubescin B induces G2/M cell cycle arrest mediated by Cdc25C degradation. But when oxidative stress is aggravated by higher dose of physapubescin B, apoptosis pathway would be triggered. ROS-p53 axis is likely to play a pivotal role in both of these two processes. And that's the main mechanism that physapubescin B can be anti-cancer. However, although less, PARP and caspase-3 cleavages were still observed in p53 KO cells (Fig. 5E ). p53 can partially account for the apoptotic cell death. The exact mechanisms by which physapubescin B induces apoptosis remain to be further explored. This observation indicates a possibility that physapubescin B may also be effective in other human cancers which are p53 mutant.
In the last part, we provided the evidence showing that physapubescin B-induced autophagy acted as a protective role based on the observations that either autophagy inhibitor CQ treatment or knockdown of Atg7 was able to exacerbate physapubescin B-mediated cell death (Fig. 6) . Accumulated ROS are able to trigger autophagy pathway which, in turn, eliminates excessive ROS to maintain cellular homeostasis. This probably indicates a self-protective feedback loop for tumor cells. Recently, autophagy inhibitors such as CQ have been subjected to clinical trials as chemoradiotherapeutic sensitizers [45] . Our convincing evidence also points out that the anti-cancer potential of physapubescin B can be enhanced when combined with autophagy inhibitors. In summary, we report that physapubescin B, a natural product from fruit, induces cancer cell death mediated by ROS. At the same time, the increased ROS induce autophagy via mTORC1 inhibition, which promotes cancer cell survival. Thus the combination of physapubescin B with autophagy inhibitors would be a promising strategy for cancer therapy.
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